Introduction
Progressive pulmonary fibrosis occurs worldwide and is nearly uniformly fatal. Current FDA-approved medication has only decelerated the ongoing tissue remodeling, rather than halting or reversing it (1, 2) . There are clearly significant gaps in understanding impaired tissue remodeling leading to progressive fibrosis, characterized by persistent or aberrant fibroblast activation and excessive deposition of extracellular matrix (ECM) in the lungs. It is clear that fibrotic tissue remodeling can progress via multiple feed-forward amplification loops if the effector cells, myofibroblasts, acquire certain fibrotic phenotype characteristics, such as apoptosis resistance (3, 4) , restricted dedifferentiation (5, 6) , and compromised autophagy (7) . At the same time, excessive and persistent abnormal ECM promotes further activation of fibroblasts and differentiation to myofibroblasts (8) . Therefore, interruption of ongoing fibroblast activation and elimination or inactivation of myofibroblasts are critical for fibrosis resolution.
Targeting of αv integrin has identified a core molecular pathway that regulates organ fibrosis (9) . αv Integrins are expressed in collagen + fibroblasts and are upregulated and activated in α smooth muscle actin + (αSMA + ) myofibroblasts, contractile cells capable of exerting force on tethered ligands, resulting in integrin-dependent activation of latent TGF-β (10) . Specifically, αv integrins interact with an arginine-glycine-aspartic acid (RGD) motif present in the latency-associated peptide, which maintains TGF-β in an inactive state in the ECM. Active TGF-β can be released from the latency-associated peptide following αv integrin binding and myofibroblast contraction (11) (12) (13) . In mice, genetic depletion of the αv integrin subunit in myofibroblasts using the Pdgfrb-Cre system was protective against organ fibrosis, including lungs (9, 14) . αv Integrin blockade also reduces TGF-β activation in primary human skeletal muscle and cardiac PDGFRβ + cells (14) . Clearly, these studies have indicated that αv integrins are highly expressed and targetable on myofibroblasts, thus representing a potential novel therapeutic option in the treatment of fibrotic diseases.
Loss of Thy-1 expression in fibroblasts correlates with lung fibrogenesis; however, the clinical relevance of therapeutic targeting of myofibroblasts via Thy-1-associated pathways remains to be explored. Using single (self-resolving) or repetitive (nonresolving) intratracheal administration of bleomycin in type 1 collagen-GFP reporter mice, we report that Thy-1 surface expression, but not mRNA, is reversibly diminished in activated fibroblasts and myofibroblasts in self-resolving fibrosis. However, Thy-1 mRNA expression is silenced in lung with nonresolving fibrosis following repetitive bleomycin administration, associated with persistent activation of αv integrin. Thy1-null mice showed progressive αv integrin activation and myofibroblast accumulation after a single dose of bleomycin. In vitro, targeting of αv integrin by soluble Thy-1-Fc (sThy-1), but not RLEmutated Thy-1 or IgG, reversed TGF-β1-induced myofibroblast differentiation in a dose-dependent manner, suggesting that Thy-1's integrin-binding RGD motif is required for the reversibility of myofibroblast differentiation. In vivo, treatment of established fibrosis induced either by singledose bleomycin in WT mice or by induction of active TGF-β1 by doxycycline in Cc10-rtTA-tTS-Tgfb1 mice with sThy-1 (1000 ng/kg, i.v.) promoted resolution of fibrosis. Collectively, these findings demonstrate that sThy-1 therapeutically inhibits the αv integrin-driven feedback loop that amplifies and sustains fibrosis.
Thy-1, a GPI-anchored glycoprotein, contains an integrin-binding RGD-like motif (RLD) and regulates the phenotype of fibroblasts (15) (16) (17) (18) . Thy-1 is highly expressed on normal fibroblasts but is absent in activated fibroblasts and myofibroblasts in idiopathic pulmonary fibrosis (IPF) fibroblastic foci (19, 20) and decreases with aging (21) . In vitro, Thy-1 expression determines the ability of lung fibroblasts to activate in response to fibrogenic stimuli (22) . Thy-1lung fibroblasts are hyperproliferative (23) , differentially express growth factor receptors (24) , and display altered cytokine signaling (25) , showing enhanced myofibroblastic differentiation (26) , apoptosis resistance (27) , and enhanced activation of latent TGF-β (22, 28) . Notably, interactions of soluble Thy-1 (sThy-1) with αvβ5 integrin inhibited lung fibroblast contraction-induced latent TGF-β1 activation and myofibroblast differentiation (28) . Most recently, we found that Thy-1 physically couples to inactive αvβ3 integrin, altering baseline integrin avidity to ECM ligands and facilitating preadhesion clustering of integrins and membrane rafts via Thy-1's glycophosphatidylinositol tether (29) . Disruption of Thy-1-αvβ3 coupling altered recruitment of Src family kinases to adhesion complexes and impaired mechanosensitive, force-induced Rho signaling, and rigidity sensing, sufficiently to induce myofibroblast differentiation in normal, physiologically soft ECMs. These findings in vitro highlight the role of Thy-1 in αv integrin-dependent TGF-β1 activation and downstream profibrotic signaling in fibroblasts; however, its therapeutic relevance in pathological fibrosis has not been determined.
In this study, we show that Thy-1 expression in vivo was reversibly diminished in activated fibroblasts or myofibroblasts in self-resolving fibrosis. However, Thy-1 was silenced in myofibroblasts in progressive fibrosis, associated with persistent activation of αv integrin, impaired tissue remodeling characterized by aberrant fibroblast activation, and excessive deposition of ECM. Moreover, targeting of αv integrin by sThy-1, via an integrin-binding RLD, has therapeutic effectiveness in murine models of bleomycin-and TGF-β1-induced fibrogenesis, indicative of therapeutic potential in reversing established lung fibrosis.
Results
Acute injury induced fibroblastic shedding of Thy-1 that did not interrupt lung fibrosis resolution. We initially examined Thy-1 expression in bleomycin-induced lung fibrosis in transgenic reporter Col-GFP mice expressing collagen-α1(I) promoter/enhancer-driven GFP ( Figure 1B ). Lung fibrosis was induced by instilling bleomycin (intratracheally [i.t.], 4 unit/kg) or saline (control) and evaluated by measuring deposition of collagen and numbers of GFP + fibroblasts or GFP + /αSMA + myofibroblasts. Bleomycin-treated mice developed severe fibrosis with the accumulation of GFP + cells at 28 days, which were significantly decreased following resolution of fibrosis at 56 days ( Figure 1 , A, C, and D). In this model, we found that Thy-1 immunostaining decreased mostly in GFP + fibroblasts and GFP + /αSMA + myofibroblasts (data not shown) 28 days following bleomycin instillation ( Figure 1 , A and C). There were no significant changes of Thy-1 immunostaining in GFPcells over time (data not shown). After 8 weeks, however, Thy-1 expression was recovered in scattered fibroblasts in alveolar septae, around blood vessels, and in some areas of pleura. Examination of mRNA expression by qPCR did not demonstrate any significant time-course change of Thy-1 expression at the transcriptional level ( Figure 1D ). Thus, acute injury following single-dose bleomycin induced a transient loss of Thy-1 mostly at the surface protein level in activated fibroblasts, likely via shedding or recycling (18) . It seems that this transient change in Thy-1 surface expression did not affect myofibroblast disappearance and fibrosis resolution.
Repetitive microinjury resulted in Thy-1 silencing in myofibroblasts, associated with continuous fibrotic remodeling. Next, we used a repetitive lung injury model to determine whether progressive, nonresolving fibrosis is associated with sustained Thy-1 loss in fibroblasts. Col-GFP mice were subjected to 1 unit/kg bleomycin or saline (control) that was instilled i.t. every 12 days for 4 doses. After 28 or 56 days following the final instillation of bleomycin, lungs were evaluated by measuring Thy-1 expression, GFP + and/or αSMA + cells, and profibrotic gene expression ( Figure 2B ). We found that Thy-1 immunostaining obviously disappeared in GFP + fibroblasts or GFP + /αSMA + myofibroblasts (data not shown) at day 28 and remained low or decreased further at day 56 after final bleomycin challenge ( Figure 2 , A and C). At both time points, Thy1 mRNA expression in lung tissue was downregulated in a time-dependent manner ( Figure 2D ). Moreover, changes in Thy-1 were accompanied by persistent accumulation of GFP + and/or αSMA + (data not shown) cells and continuous fibrotic remodeling, as measured by profibrotic genes Col1α1 and Col3α1 in lung tissue by qPCR ( Figure 2D ). Together, these findings indicate that repetitive microinjury could induce Thy1 downregulation or gene silencing, in addition to loss at the protein level, associated with progressive fibrotic tissue remodeling. Thus, the emergence of persistently Thy-1fibroblasts may be an important event that predisposes the lung to compromised and profibrotic repair.
Thy-1 loss is associated with elevated αv integrin activity in vivo and progressive, nonresolving fibrosis. To determine if Thy-1 loss is associated with αv integrin activation in lung fibrosis, we carried out a time-course study in Thy1 −/− and WT mice following single-dose bleomycin ( Figure 3B ). We have previously shown that, Thy1 −/− mice, unlike WT mice, fail to resolve fibrosis by 56 days after injury (27) . As predicted by Thy-1's role in regulating αv integrin, we observed sustained αvβ3 integrin activation in αSMA + myofibroblasts (indicative of active fibrosis) at all time points through 56 days, as determined by double immunofluorescence (IF) ( Figure  3 , A, C, and D). This finding is in contrast to that in WT mice that displayed a reduction in αvβ3 integrin staining after 28 days, corresponding to the initiation of resolution of bleomycin-induced fibrosis ( Figure 3 , A and D). These findings suggest that persistently activated αv integrin in fibroblasts of mice lacking Thy-1 could result in nonresolving fibrosis. We observed elevated αv integrin activity at baseline in untreated Thy1 −/− lungs, but it was not sufficient to spontaneously induce fibrosis. In the acute injury phase (3 days after bleomycin administration), there were no differences in histopathological alteration (H&E staining) and lung permeability (total proteins, total counts, and differentials in bronchoalveolar lavage fluid) in WT mice as compared with those in Thy1 −/− mice (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.131152DS1), suggesting that differences in early inflammation do not account for the differences in the later fibrosis. Collectively, these data demonstrated that the lung milieu in mice lacking Thy-1 promoted persistent activation/upregulation of αvβ3 integrin in fibroblasts, resulting in persistence of profibrotic myofibroblast phenotypes in vivo.
Figure 1. Transient Thy1 loss in GFP + fibroblasts in a self-resolving model of lung fibrosis induced with single-dose bleomycin. (A)
In immunofluorescence images of lungs, Col1α1-GFP, Thy-1, and nuclei are overlaid for the entire viewing field. A magnified view of Thy1 is shown. Scale bar: 100 μm. (B) Experimental scheme. Adult Col1α1-GFP mice (n = 5-7 /group) were given bleomycin (Bleo) (4 U/kg in 100 μL saline) by orotracheal intubation (MicroSprayer). Lungs were collected at 28 or 56 days after Bleo instillation. (C) The areas stained positively for Thy-1, Col1α1, and αSMA were quantified as a total density using ImageJ. (D) mRNA expression of Thy1 and fibrogenic genes (Col1α1 and Col3α1) was determined by qPCR. Results are presented as mean ± SEM. Statistical analysis was performed using 1-way ANOVA; *P < 0.05, **P < 0.01.
sThy-1 promotes resolution of bleomycin-induced fibrosis.
To examine the potential therapeutic effect of a soluble form of human Thy-1 (sThy-1) in lung fibrosis, we gave 1,000 ng/kg sThy-1-IgG Fc or saline control at day 14 after single-dose i.t. bleomycin instillation (i.e., after fibrosis was established) in WT mice and assessed fibrotic parameters at day 21 ( Figure 4A ). Histopathological examination showed that there was an obvious shift from a much more uniform fibrotic response to limited patchy fibrosis in mice receiving sThy-1-IgG Fc ( Figure 4B ). The treatment of the mice with sThy-1-IgG Fc significantly reduced collagen deposition ( Figure  4 , B and D) and fibrosis scores (P < 0.05, Figure 4C ) when compared with mice treated with bleomycin and PBS. IHC for αSMA ( Figure 4B ) followed the same patterns of alteration as those seen with histopathological examination, indicating reduction in myofibroblasts or reversal of the myofibroblast phenotype by sThy-1-IgG Fc. Administration of sThy-1-IgG Fc in saline-instilled control mice had no effect on lung histology or on the fibrotic and inflammatory endpoints (data not shown). Thus, exogenous sThy-1 may have significant therapeutic potential in promoting resolution of established pulmonary fibrosis.
Targeting of αv integrin by sThy-1 reverses myofibroblast differentiation in a phenotypic in vitro model of IPF fibroblasts. Because IPF fibroblasts may be senescent and resistant to phenotype changes, we tested the effects of sThy-1 on senescent-like myofibroblast differentiation in vitro (30) . Briefly, we induced myofibroblast differentiation in human lung fibroblasts (CCL-210) by incubation with recombinant human TGF-β1 (10 ng/ml) for 48 hours and, subsequently, senescence by culturing for an additional 5 days in serum-free media to control proliferation. Context-dependent senescence (as evidenced by p21 expression) was induced in TGF-β1-treated and serum-fasted fibroblasts ( Figure 5A ). Thus, this cellular model may be more appropriate to represent phenotypes of IPF fibroblasts. Then, we treated these cells with recombinant human sThy-1-IgG Fc (10, 100, 1,000 ng/mL), RLE-mutated Thy-1 [Thy-1(RLE)-IgG Fc] (1000 ng/mL), and IgG Fc (1000 ng/mL) for 48 hours. As determined by qPCR of Acta2 and Col1α1 and immunoblotting of αSMA expression, addition of sThy-1-IgG Fc at the 1000 ng/mL level significantly reduced myofibroblastic differentiation when compared with TGF-β1, PBS control ( Figure 5 , B-D; see complete unedited blots in the supplemental material). These changes suggest that exogenous sThy-1 is effective at reversing myofibroblast differentiation, even in senescent-like cells. Because the compounds all showed some nonspecific effects (although not statistically significant), the difference between sThy-1(RLE) and sThy-1 shows a reduced trend, suggesting that the RGD-like integrin-binding motif in Thy-1 is required.
sThy-1 reverses established TGF-β1-induced lung fibrosis in mice. To determine the therapeutic potential of sThy-1 in an alternative, TGF-β1-driven genetic model of fibrosis, we investigated the effect of human sThy-1 on doxycycline-induced (Dox-induced) expression of active human TGF-β1, which drives lung fibrosis in Cc10-rtTA-tTS-Tgfb1 Tg + mice ( Figure 6B ). Twenty-eight days after Dox induction, Cc10-rtTA-tTS-Tgfb1 Tg + mice showed apparent airway and alveolar parenchymal fibrotic response, characterized by alveolar septal thickening and areas of septal rupture, as determined by histopathological analyses (H&E and Trichrome staining, Figure 6A ). Treatment of these mice at day 28 with 1000 ng/kg sThy-1-IgG Fc i.v., but not sThy-1(RLE) or IgG, showed resolution of airway and alveolar parenchymal fibrotic response ( Figure 6A ). Administration of sThy-1 resulted in a significant reduction in the level of hydroxyproline ( Figure 6C ), expression of αv integrin, murine TGF-β1, and αSMA measured by IF ( Figure 6D ), and reduction in expression of profibrotic genes (Col1α1, Col3α1, Tgfb1, and Acta2) by qPCR ( Figure 6E) . These changes indicate that the exogenous sThy-1 molecule is effective at reversing myofibroblast differentiation and established fibrosis in vivo, associated with decreased αv integrin activation. The therapeutic effect of sThy-1-IgG Fc, but not sThy-1(RLE)-IgG Fc, indicates that the Thy-1 RLD is required. Taken together, these data demonstrate that human sThy-1 reverses lung fibrosis via trans regulation of αv integrin activity in Dox-induced Cc10-rtTA-tTS-Tgfb1 Tg + mice, underscoring its therapeutic potential in resolution of established pulmonary fibrosis in two distinct models of fibrosis.
Discussion
In these studies, we demonstrate a critical homeostatic role of a primary Thy-1-αv integrin interaction upstream of canonical ECM-integrin ligation in vivo, disruption of which is associated with progressive fibrogenesis following lung injury. In a severe acute lung injury, such as in the single-dose bleomycin model, loss of Thy-1 is incomplete and transient, and recovery of Thy-1 expression occurs during fibrosis resolution. However, repetitive administration of lower doses of bleomycin induced progressive, nonresolving lung fibrosis associated with sustained transcriptional silencing of Thy1 expression in myofibroblasts. Although transient loss of Thy-1 is related to fibroblast activation (22) , silencing of Thy1 may initiate a more permanent shift toward a Thy-1 -, profibrotic, apoptosis-resistant myofibroblast phenotype (18) . We have previously demonstrated epigenetic silencing of Thy1 expression in lesional fibroblasts in fibroblastic foci of pulmonary fibrosis and demonstrated reversal of myofibroblastic differentiation associated with restored Thy1 expression following epigenetic modifiers in vitro (26) . This paradigm has been demonstrated by others in vivo in the context of aging and TGF-β1 (31) as well as in the context of sustained TLR4 activation (32) .
Additionally, we confirm that sustained absence of Thy-1 in the context of lung injury (such as in Thy1 -/mice following bleomycin) is associated with progressive, nonresolving fibrosis (33) and, as we show here, sustained activation of αv integrin. Thy-1 loss activates αv integrin, which facilitates myofibroblast differentiation, likely via multiple downstream pathways. Our data showed that sThy-1 could reverse TGF-β1-induced myofibroblast differentiation in vitro, likely via trans-regulation of αv integrins (34) , even in the context of induced senescence. Furthermore, treatment of Dox-induced Cc10-rtTA-tTS-Tgfb1 mice and bleomycin-induced mice with sThy-1 demonstrated antifibrotic efficacy. Collectively, these findings suggest that targeting of αv integrin by sThy-1 molecules could be a novel strategy to treat lung fibrosis, possibly halting the progression or speeding the resolution of lung fibrosis.
Our previous in vitro studies indicated the potential of sThy-1, via integrin engagement, to reverse the experimental induction of the myofibroblastic phenotype (27) , but its antifibrotic efficacy in vivo, where fibrosis is a more complex pathophysiologic process, had not been previously determined. To this end, we examined the effects of exogenously administered sThy-1 on established lung fibrosis (14 days after bleomycin). The data clearly support the therapeutic effect of sThy-1 in promoting resolution of fibrosis, especially indicating reduction in myofibroblasts (or reversal of the myofibroblast phenotype) by sThy-1. The beneficial effect of a single treatment with sThy-1 suggests a "reset" of the fibrogenic program. Because single-dose bleomycin-induced fibrosis is self-resolving, sThy-1 in this context may act to facilitate or accelerate endogenous programs for resolution. In order to test the therapeutic potential of sThy-1 in a more progressive model, we selected the Cc10-rtTA-tTS-Tgfb1 mice, in which transgene induction with Dox results in expression of the active form of human TGF-β1, which initiates a self-sustaining fibrogenic milieu, and we chose to intervene a later time point (day 28) when fibrotic remodeling is well established. Remarkably, a single administration of sThy-1 promoted significant resolution of fibrosis over the ensuing 7 days, with improvement in multiple histologic and biochemical measures of fibrosis, including expression of endogenous TGF-β1. The effect is dependent on the Thy-1 RLD sequence and accompanied by decreased activation of αv integrin, suggesting engagement of an important homeostatic axis. The cellular and molecular mechanisms of this effect are likely to be complex but could involve restoration of mechanosensitive signaling (29) , myofibroblast apoptosis (18) , and interruption of latent TGF-β1 activation (22, 35) . The modulation of fibroblast senescence may possibly be involved in the Thy-1 -/integrin/TGF-β1 pathway (34) . It is unknown whether trans-signaling from exogenous sThy-1 alters epigenetic mechanisms regulating Thy1 expression.
Thy-1 is a complex biological molecule, with a variety of functions in multiple cell types (36) . In addition to the RLD integrin-binding motif, Thy-1 also has domains that interact with heparan sulfate proteoglycans, and the degree to which these additional interactions are important for its antifibrotic effects is unclear, although a single amino acid change in the RLD was sufficient to abrogate the effects. It is also unclear the degree to which the effects of sThy-1 differ from other αv-targeted entities.
This study has important implications for therapeutic development. Most antifibrotic agents limit ongoing fibrogenesis but do not promote resolution of existing fibrosis. sThy-1 seems to have the latter activity and may be useful in a disease such as IPF, which displays temporal heterogeneity, with areas of active fibrogenesis alternating with areas of more established fibrosis. The fibrogenic phase of acute lung injury, which has the capacity to resolve but also has an extremely high mortality rate and is subject to epigenetic alterations that promote progression, may benefit from the proresolution "reset" activity seen in our studies. There is significant enthusiasm for cell-based therapies for acute lung injury and fibrosis, many of which use mesenchymal stem cells (which are strongly Thy-1 + ) or their products to restore a homeostatic regenerative milieu. Experts advise tempering such enthusiasm with appropriate caution (37) , as cell-based regenerative therapies are complex and may have unanticipated long-term consequences. sThy-1 may be able to mediate some of the beneficial effects of cell-based therapies with fewer concerns, especially if it can be administered in a single administration or a series of intermittent infusions (Figure 7) . In any case, the dramatic proresolution effects seen in two different models, and supported by decades of mechanistic understanding, warrant further study to assess the translational potential of sThy-1 as antifibrotic therapy.
Methods
Cell culture. Human lung fibroblasts (CCL-210, ATCC) (50,000 cells) were cultured in 6-well plates in Dulbecco's modified Eagle medium (Thermo Fisher Scientific, 11960-044), 10% fetal bovine serum, and 1% penicillin-streptomycin (Thermo Fisher Scientific, ICN1670249). Confluent cells were passaged by 0.25% trypsin. To rule out serum effects, fibroblasts were incubated in serum-deprived media for 16 hours prior to TGF-β1 treatment. By treating with TGF-β1 in serum-free media (10 ng/mL) for 48 hours, differentiation into myofibroblasts was induced. TGF-β1-induced myofibroblasts were subjected to FBS 0% or 20% media to model myofibroblast senescence. Then, cells were treated with indicated concentration of soluble recombinant human Thy-1 Fc (10, 100, 1000 ng/mL) (Enzo Life Science, ALX-522-091-C050), human IgG-FC (1000 ng/mL) (Enzo Life Science, ALX-203.005.2060), Thy-1(RLE)-FC (1000 ng/mL) (Enzo Life Science, ALX-522-097-C050), or PBS for 48 hours to test (C) Hydroxyproline quantification in lung tissue. (D) Quantification of αv integrin, αSMA, and TGF-β1 IF staining. (E) Profibrotic genes (Col1α1, Col3α1, Tgfb1, and Acta2) in lung tissue extracts by qPCR. Results are presented as mean ± SEM. Statistical analysis was performed using 1-way ANOVA; *P < 0.05, **P < 0.01 versus sThy-1 group; ## P < 0.01 versus Saline, IgG, and sThy-1(RLE) groups; # P < 0.05 versus Tgfb1 Tggroup. dedifferentiation from myofibroblasts. sThy-1-FC, human IgG-FC, and sThy-1(RLE)-FC were reconstituted in PBS before use. Cells without TGF-β1 treatment were used as a negative control.
Experimental animals. Mice with constitutive knockout of Thy-1 (Thy1 −/− mice) (38) and Col-GFP [expressing collagen-a1(I) promoter/enhancer-driven GFP] mice have been previously described (5) . Thy1 −/− Col-GFP mice were generated by crossing of Thy1 −/− and Col1α1-GFP mice. Cc10-rtTA-tTS-Tgfb1 mice (a gift of Erica Herzog, Yale University, New Haven, Connecticut, USA), a triple-transgenic model, allow bioactive hTGF-β1 to be expressed conditionally in the lung via Dox induction (35) . Genotyping of all mice was performed by PCR. WT C57/BL6 mice were purchased from The Jackson Laboratory.
To generate pulmonary fibrosis, WT, Thy1 −/− , Col1α1-GFP, and Thy1 −/− Col-GFP mice (male and female, 24 weeks old) were anesthetized with intraperitoneal injections of ketamine and xylazine (100 and 10 mg/kg body weight, respectively). Mice were given a single (4 U/kg) or repetitive (1 U/kg, every 10 days for 4 doses) i.t. instillation of bleomycin sulphate (4 U/kg body weight, dissolved in 100 μL sterile saline, McKesson) or sterile saline on day 0 using MicroSprayer MS-IA-1C (Penn-Century). Following the instillation, mice were allowed to be monitored daily for mortality. To conditionally induce pulmonary fibrosis, Cc10-rtTA-tTS-Tgfb1 mice (male and female, 24 weeks old) were randomized to food containing Dox (625 mg/kg) and water with Dox (1.0 mg/mL) or normal food and water for 4 weeks (35) . All adult mice were housed in the Association for Accreditation and Assessment of Laboratory Animal Care-approved animal facility at the University of California San Diego School of Medicine.
sThy-1 treatment. Dox-and bleomycin-induced mice were treated i.v. with 1000 μg/kg of either soluble recombinant human Thy-1-Fc (Enzo Life Science, ALX-522-091-C050) or Thy-1(RLE)-IgG Fc (Enzo Life Science, ALX-522-097-C050), IgG-FC (Enzo Life Science, ALX-203.005.2060), or with saline. Lungs were assessed 1 week after treatment by histopathology (H&E and Trichrome staining) and collagen content (measuring hydroxyproline), and profibrotic genes Col1α1, Col3α1, and mTgfb1 were measured in the lung tissue extracts by qPCR. Expression of αSMA and αv integrin in lung slides was determined by IF.
Histopathological analysis. Lungs were fixed (10% formalin at a constant pressure of 20 cm H 2 O) and paraffin embedded. Five-μm-thick sagittal sections of all lobes of fixed lungs were cut and subsequently stained with H&E and Masson's Trichrome to evaluate histopathologic changes. Severity of fibrosis was quantified from H&E-stained entire lungs using the Ashcroft scoring system (39) . The degree of fibrosis was graded from 0 (normal lung) to 8 (severe distortion of structure, large fibrous areas, and honeycomb lesions). The mean score from all fields (magnification, ×200; average 30 fields/animal) was taken as the fibrosis score.
IF. Lungs were sectioned at 6 μm (paraffin embedding) or 10 μm (OCT embedding), followed by double IF with antibodies. Briefly, lung slides were fixed with 3.7% formaldehyde for 10 minutes, permeabilized with 0.25% Triton X-100 (Thermo Fisher Scientific) for 8 minutes, and blocked with1% BSA (Amresco) for 1 hour. Lung sections were incubated at 4°C overnight with primary antibodies: Thy-1 (1:300, Bio-Rad, Mca1474), WOW-1 (1:200, a gift from Sanford Shattil, UCSD), αSMA (1:300, abcam, Ab21027), αv integrin (CD51) (1:200, eBioscience, 12-0512-81), and TGF-β1 (1:200, GeneTex, 110630). After the sections were washed with PBS, Alexa Fluor-coupled secondary antibodies (1:1000, Invitrogen), goat anti-rabbit IgG (H+L), and Texas Red (1:250, Thermo Fisher, T-2767) were used as secondary antibodies. Nuclear staining was carried out with DAPI using ProLong Diamond Antifade Mountant medium (Invitrogen, P36962). Fluorescence images were captured on a BZ-X700 microscope (Keyence). To determine the fluorescence signal in tissue sections, fluorescent cells in 5 randomly different high-power fields from each slide were quantified. Hydroxyproline quantification. Hydroxyproline content was measured using the hydroxyproline assay kit from MilliporeSigma (MAK008) according to the manufacture's instruction with slight modification. In brief, whole lungs were homogenized in dH 2 O, using 100 μL dH 2 O for every 10 mg of tissue. 200 μL concentrated HCl (6 N) was added to 100 μL of tissue homogenate in a pressure-tight, Teflon-capped vial, and the mixture was hydrolyzed at 120°C for 3 hours, followed by filtration through a 45-μm syringe filter (Millipore). 10 μL of the hydrolyzed sample was transferred to a 96-well plate and was evaporated to dryness under vacuum, to which 100 μL Chloramine T reagent was added per well. After incubation at room temperature for 5 minutes, 100 μL p-Dimethylaminobenzaldehyde reagent was added to each well and further incubated for 90 minutes at 60°C. Absorbance was measured at 560 nm in a microplate reader (SpectroMax Plus384).
Western blot. Cultured cells were homogenized in RIPA tissue lysis buffer plus protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Equal protein amounts of each lysate were separated on SDS-polyacrylamide gels by electrophoresis before being transferred to polyvinylidene difluoride membranes by electroblotting. Membranes were blocked in TBST with 5% nonfat dry milk and incubated with antibodies αSMA (1:1000, EMD Millipore, Mabt381) and GAPDH (1:1000, Cell Signaling Technology, 14C10) at 4°C with constant rocking overnight. Bound primary antibodies were visualized using HRP-linked anti-rabbit IgG (1:3000, Cell Signaling Technology, 7074) with conjugated horseradish peroxidase and enhanced chemiluminescence reagent. Protein bands were semiquantified using ImageJ Software (NIH).
Quantitative RT-PCR analysis. Lung lobe was homogenized in 1 mL Trizol reagent (Invitrogen, Thermo Fisher Scientific). Total RNA was isolated and cDNA synthesized commercially (Bio-Rad). Real-time RT-PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) and using the CFX96 real-time PCR detection system (Bio-Rad). Primers were designed by using Beacon Designer (Bio-Rad) and listed in Supplemental Table 1 . Assays for each sample and primer set were performed in duplicate, with each reaction using 20 ng cDNA and 10 μM primers in a total reaction volume of 20 μL. Thermal cycling conditions were 95°C for 30 seconds and 35 cycles of 95°C for 45 seconds, 57°C for 30 seconds, and 72°C for 60 seconds. The relative quantification of gene expression was determined using the comparative CT method. Actin or B2m was used to normalize the expression data. Comparative threshold (ΔΔCt) was calculated to determine the changes of gene. Individual lung cDNA samples (n = 3-6) were analyzed for the relative expression of mouse Thy1, Col1α1, Col3α1, Acta2, and Tgfb1.
Statistics. Statistical analysis was performed using GraphPad Prism 7.0. Values are expressed as mean ± SEM. The statistical differences were calculated using 2-tailed Student's t test between 2 groups and 1-way ANOVA for multiple comparisons. P < 0.05 was considered statistically significant.
Study approval. All procedures involving animals were approved by the UCSD Institutional Animal Care and Use Committee, which serves to ensure that all federal guidelines concerning animal experimentation are met.
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